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Abstract
With infrared and terahertz ellipsometry we investigated the anisotropy of the infrared active
phonon modes in SrTiO3 (110) single crystals in the tetragonal state below the so-called antifer-
rodistortive transition at T∗ = 105 K. In particular, we show that the anisotropy of the oscillator
strength of the so-called R-mode, which becomes weakly infrared active below T∗, is a valuable
indicator for the orientation of the structural domains. Our results reveal that a mono-domain
state with the tetragonal axis (c-axis) parallel to the [001] direction can be created by applying a
moderate uniaxial stress of about 2.3 MPa along the [1-10] direction (with a mechanical clamp).
The resulting, intrinsic splitting of the infrared-active phonon modes is reported.
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I. INTRODUCTION
SrTiO3 (STO) is widely used as a substrate for growing thin films and multilayers of
various complex oxides. Furthermore, the interface of STO with other insulating oxide per-
ovskites, like LaAlO3 (LAO), has become a subject of great interest since it was found
that it can host a two-dimensional electron gas with a very high mobility1,2 and even
superconductivity3 and ferromagnetism4 at low temperature. These developments have re-
newed the interest in the structural and electronic properties of bulk STO.
With decreasing temperature, STO undergoes a series of structural phase transitions
which break several symmetries5. The first, so-called anitferrodistortive transition at T∗
= 105 K from a cubic to a tetragonal symmetry involves an antiphase rotation of the
neighboring TiO6 octahedra around the c-axis, as shown in Fig.1(a). It gives rise to a
doubling of the unit cell along all three directions and a slightly larger lattice parameter in
the direction of the rotation axis (c-axis) as compared to the perpendicular ones (a-axis)
with a ratio of c/a ≈ 1.0015 at low temperature6. There are further structural transitions
into an orthorhombic state around 65 K and a rhombohedral one at 37 K7. Below about 25
K STO enters a so-called incipient ferroelectric or quantum paraelectric state8 for which a
ferroelectric order is only prohibited by the ionic quantum fluctuations9. Finally, at T < 10
K it has been reported that STO can exhibit a piezoelectric response10.
The structural and electronic properties of STO are rather sensitive to strain and defects.
In the tetragonal state below T∗ = 105 K this typically results in a structural poly-domain
state with different orientations of the tetragonal axis (c-axis)11,12. These poly-domain struc-
tures and their microscopic imprint on the physical properties of STO and heterostructures
in which STO serves as a substrate are well documented13,14,15. A preferred orientation of
these structural domains can be achieved by applying uniaxial pressure16,17 or large electric
fields18. Furthermore, it was shown that the direction of the surface cut of the STO crystals
can strongly affect the orientation of these structural domains. Whereas for STO with a
(001) surface one typically finds a poly-domain state for which the possible orientations of
the tetragonal axis appear with nearly equal probablity, for STO with a (110) surface the
tetragonal axis tends to be preferentially aligned along the [001] direction17,19. The latter
may well be related to the anisotropy of the (110) surface20,21. Furthermore, the surface of
STO (110) is polar and thus tends to undergo a reconstruction22–24.
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An important role of the surface in the antiferrodistortive transition is also suggested by
the finding that in the vicinity of the sample surface this transition can occur at considerably
higher temperatures (with T≤ 150 K) than in the bulk (with T∗ = 105 K). The details have
been shown to strongly depend on the residual strain that arises from the surface preparation,
e.g. by lapping, grinding or cutting25 or the strain due to a thin film on top of the STO
substrate6. This raises the question whether in thick STO (110) single crystals the domain
alignment is limited to the near surface region25 or also occurs in the bulk. In the following
we use the anisotropy of the infrared-active phonon modes, in particular, of the so-called
R-mode which becomes infrared active below T∗ = 105 K, to study the structural domain
formation in STO (110) crystals with a thickness of up to 1 mm. We find that the pristine
STO (110) crystals are already partially detwinned with the tetragonal axis oriented along
the [001] direction. Furthermore, we show that a relatively small uniaxial stress of about 2.3
MPa is sufficient to obtain a true mono-domain state. Notably, this mono-domain state is
found to persist after the samples has been warmed to room temperature and cooled again
without the uni-directional stress. Finally, we have also determined the anisotropy of the
other three infrared-active phonon modes which is rather weak and in agreement with the
small anisotropy ratio of c/a ≈ 1.00156.
II. EXPERIMENTAL DETAILS
The infrared ellipsometry measurements have been performed with a home-built setup
that is equipped with a He flow cryostat and attached to a Bruker 113V Fast Fourier spec-
trometer as described in Ref.26. The data have been taken at different temperatures in
rotating analyzer mode, with and without a static compensator based on a ZnSe prism. The
THz optical response has been measured with a home-built time-domain THz ellipsometer
that is described in Ref.27. For both ellipsometers the angle of incidence of the light was set
to 75 degrees.
For anisotropic samples the ellipsometric measurements are predominantly sensitive to
the response along the plane of incidence of the reflected light28. Accordingly, for the present
STO (110) crystals, which in the tetragonal state exhibit an uniaxial anisotropy with the
[001] symmetry axis parallel to the surface, we measured the dielectric response functions
along the [001] and [1-10] directions by rotating the sample by appropriate angles around
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the surface normal. The optical conductivity data for the two orientations as shown in this
manuscript have been obtained by directly calculating the pseudodielectric function < ε >
from the measured ellipsometric angles Ψ and ∆, where rp/rs = tan(Ψ)e
i∆ and rp and rs
are the Fresnel reflection coefficients for p- and s- polarised light. During all the optical
measurements special care was taken to avoid photo-doping effects by shielding the sample
against visible and UV light29. To apply a uniaxial stress of about 2.3 MPa, either along the
[001] or the [1-10] direction, we mounted the sample in a spring-loaded clamp and cooled
it slowly to low temperature. For the stress-free measurements the sample was glued with
silver paint to a different sample holder. The STO (110) single crystals were purchased
from SurfaceNet and had dimensions of 10×10×1 mm3, 10×10×0.5 mm3, 5×5×1 mm3 and
5×5×1 mm3, respectively.
III. EXPERIMENTAL RESULTS
In the cubic state at T > T∗ STO has three infrared-active transversal optical (TO)
phonon modes that are triply degenerate30,31. At the lowest frequency is the so-called soft-
mode (or Slater mode) with an eigenfrequency of ω0 ≈ 95 cm−1 at 300 K which decreases to
about 15 cm−1 at 10 K. It involves the displacement of the Ti ions against the surrounding
oxygen octahedron and is at the heart of the quantum paraelectric behavior of STO. The
phonon at 170 cm−1 is the so-called external mode (or Last mode) due to the displacement
of the Sr ions against the TiO6 octahedra. At the highest energy of about 545 cm
−1 is the
so-called stretching mode (or Axe-mode) which stretches the oxygen octahedra.
In the tetragonal state below T∗ = 105 K an additional mode becomes weakly infrared-
active due to the antiphase rotation of the neighboring oxygen octahedra, as sketched in Fig.
1(a). It is the so-called R mode at 438 cm−17 that arises from the doubling of the unit cell
and the subsequent back-folding of the phonon modes from the boundary (the R-point) to
the center of the Brilluoin zone11,32. The oscillator strength of this R-mode is proportional
to the magnitude of the antiphase rotation of the TiO6 octahedra. Furthermore, its strenght
exhibits a characterisitc dependence on the polarization direction of the infrared light with
respect to the tetragonal axis. It is maximal if the polarization is perpendicular to the
rotation axis of the oxygen octahedra (to the tetragonal axis) and it vanishes when it is
parallel. The large sensitivity of the R-mode to such structural changes has already been
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demonstrated in Ref.33.
In the following we show that this anisotropy of the oscillator strength of the R-mode
can be used to determine the orientation of the tetragonal axis in STO single crystals and
its variation in a structural multi-domain state. Figure 1(b) shows the temperature and
polarization dependence of the R-mode of a pristine STO (110) single crystal in terms of the
real part of the optical conductivity. It confirms that the oscillator strength of the R-mode
is strongly anisotropic, i.e. it is almost four times larger along the [1-10] direction than
along [001]. Figure 1(c) shows a comparison of the R-modes in pristine STO (110) and
STO (001) single crystals. For the latter the oscillator strenght is isotropic (this has been
confirmed for several STO (001) crystals) and its value is intermediate between the ones
along [001] and [1-10] in STO (110). This agrees with previous reports that in STO (001)
the domains are almost randomly oriented (the crystal is fully twinned) whereas in STO
(110) the domains are preferentially oriented (the crystal is partially detwinned) with the
tetragonal axis along the [001] direction. A corresponding behavior has been observed for
all the STO (110) crystals in their pristine state.
Next, in Fig. 1(d) we show that a fully detwinned mono-domain state can be induced
in STO (110) by applying a moderate uniaxial stress along the [1-10] direction. This stress
gives rise to a small compression of the Ti-O bonds along [1-10] and, likewise, a small
expansion along [001] and [110] that provides an additional incentive for the longer c-axis
to be oriented along the [001] direction. For these measurements the STO (110) sample of
dimensions 10×10×0.5 mm3 was mounted in a spring-loaded holder that applies a uniaxial
stress of about 2.3 MPa during the cooling from room temperature to 10 K (at a rate of 3
K/min) and the subsequent optical measurement. Figure 1(d) confirms that the R-mode is
now essentially absent along the [001] direction, i.e. its oscillator strength is zero within the
accuracy of the measurement. The oscillator strength along the [1-10] direction exhibits a
corresponding increase as compared to the pristine state. The absence of the R-mode for
the polarization along [001] suggests that the STO (110) crystal is in a mono-domain state
with the tetragonal axis parallel to the [001] direction. We also found that the STO (110)
crystal has a memory of this mono-domain state that was almost perfectly maintained after
the sample was warmed to room temperature and slowly cooled again to 10 K without the
uniaxial stress. Such a memory of the mono-domain state was observed for all the STO
(110) samples. To erase this memory of the mono domain state, it was necessary to heat
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the sample to higher temperatures of T≥410 K. Likewise, the twinning of the STO (110)
crystal can be restored, and even strongly enhanced as compared to the pristine state, if the
stress is applied along the [001] direction. Figure 1(d) confirms that this yields nearly equal
oscillator strengths for the R-mode along the [001] and [1-10] directions. Note that for the
STO (001) crystals we found that such a uniaxial pressure does not have a corresponding
effect on the directional dependence of the oscillator strength of the R-mode and thus on
the degree of the twinning below T∗.
The possibility to obtain STO (110) crystals with a mono-domain tetragonal state below
T∗ = 105 K was used to study the intrinsic anisotropy of the other IR-active phonon modes.
Figure 2 shows the data of the STO (110) crystal in the stressed state for the external
mode at 170 cm−1 and the stretching mode at 545 cm−1 in terms of the optical conductivity
measured along the [001] and [1-10] directions. In the cubic state at T=115 K > T∗ = 105
K, there is no sign of an anisotropy of these phonon modes, i.e. the conductivity in the [001]
and [1-10] directions agrees within the noise level (see Figs. 2(a) and 2(d)). A small, yet
clearly resolved anisotropy appears only in the tetragonal state at T < T∗ = 105 K where
both TO modes become slightly harder along the [001] direction and softer along [1-10]. This
agrees with the expectation that the tilting of the Ti-O bonds in the plane perpendicular to
the rotation axis (tetragonal axis) leads to a softening of the phonon modes (see e.g.34). To
quantify the anisotropy, we parameterized the phonon modes using a modified Lorentzian
model, the so-called coupled-phonon model35 which yields the following expression of the
complex dielectric function:
ε(ω) = ε1(ω) + iε2(ω) = ε∞(ω) +
K∑
j=1
Sj
ω2j − iωσj
ω2j − ω2 − iωγj
(1)
This model accounts for phonon modes that are asymmetric due to disorder or anharmonicity
effects, as is required for a good descritpion of the phonon modes in STO35,36. It contains
the usual paramters, like the broadening, γj, the resonance frequency, ωj, and the oscillator
strength, Sj, of the jth phonon mode. The coupling between these modes arises from the
extra term iωσj in the numerator that is subject to the condition
∑K
j=1 Sjσj = 0 which
ensures that the Kramers-Kronig consistency is maintained35. The background term ε∞
accounts for the frequency independent contribution from the excitations at higher energies.
The best fits are shown in Figure 2 by the solid symbols and describe the phonon modes
rather well (except for a small and only weakly frequency dependent offset to the conductivity
6
along [001] that most likely arises from a spurious reflection on the clamp). The obtained
parameters for the eigenfrequency, the broadening and the oscillator strengths of the phonon
modes are listed in Table I. The parameters for σj and ε∞ have been adopted from Ref.37,38
and the ones for the soft-mode have been obtained from the THz data as described further
below.
The farily weak splitting of the eigenfrequencies of the external mode at 170 cm−1 and the
stretching mode at 545 cm−1 of about 1 cm−1 and 0.7 cm−1, respectively, is in good agreement
with the small anisotropy ratio of the lattice parameters of c/a ≈ 1.00156. Note that the
contribution of the applied stress (2.3 MPa) to the splitting of the phonon modes is expected
to be significantly smaller, i.e. less than 0.1 cm−1. This estimate is based on the pressure
dependence of the Raman modes39 as well as the pressure- and temperature dependence
of the lattice parameter6,39 and the temperature dependence of the eigenfrequency of the
phonon modes of STO37.
Figure 3 shows the corresponding anisotropy of the soft mode in STO (110). Figures 3(a)
and (b) show the calculated values of the ellipsometric angles Ψ and ∆ as obtained with an
isotropic phonon model at 100 K (black line) and with an anisotropic model below 100 K
(coloured lines). The phonon parameters used for these calculations have been obtained from
Ref.34,36,37. In particular, we have adopted from Ref.34 the anisotropy of the TO-frequency
at 10 K which amounts to ωTO = 8 and 17 cm
−1 along [1-10] and [001], respectively. This
splitting of the soft mode decreases with increasing temperature and vanishes at T∗. The
spectral weight of the soft-mode is assumed to be temperature independent and identical for
both orientations. This assumption is consistent with the far-infrared response and leads to
a virtually constant value of the corresponding LO frequency, as reported in Ref.36 and also
shown in Fig. 5.
The broadening, γ, was set to 6, 5, 4, 3 and 3 cm−1 at 100, 80, 50, 30 and 10 K,
respectively, in agreement with Refs.34,36,37. Figure 3(a) and (b) show that the spectra of Ψ
and ∆ exhibit pronounced kinks in the vicinity of ωTO that are marked by solid arrows for
the spectrum at 100 K for which ωTO = 41.8 cm
−1.
Figures 3(c) and (d) show the experimental spectra of Ψ and ∆ as obtained with the
time-domain THz ellipsometer. Due to the rather large focal spot of the THz beam, the
raw data are affected by stray light that is reflected from the clamp in which the sample
is mounted. To suppress this experimental artifact, the data are presented in terms of the
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difference spectra of Ψ and ∆ with respect to the curves at 100 K to which the calculated
spectrum at 100 K (solid lines in Fig. 3(a) and (b)) has been added. The spectra provide
clear evidence for a sizable anisotropy of the soft-mode below 100 K. The comparison between
the calculated (black lines) and the measured anisotropy of Ψ and ∆ between the [1-10] and
[001] directions is shown in Figs. 3(e) and (f). The fair agreement between the calculated
and the measured data (except for a frequency independent vertical offset of some spectra
that are likely due to an incomplete suppression of the stray light signal) confirms that the
soft-mode develops a sizable anisotropy below T∗.
Next, we discuss an additional, sharp feature around 480 cm−1 in the IR spectra of STO
(110) that becomes very pronounced in the mono-domain state at low temperature. Figure 4
shows the spectra of the ellipsometric angle Ψ of STO (110) in the frequency range between
425 and 500 cm−1 which includes the R-mode at 438 cm−1 from which the degree of twinning
can be deduced. The new feature develops around 480 cm−1 very close to a longitudinal
optical phonon mode frequency at which the real part of the dielectric function, ε1, crosses
zero. Figures 4(a) and 4(b) compare the spectra for the partially twinned pristine and the
mono-domain state. In the mono-domain state, there is a rather sharp dip feature in the
spectrum along [1-10] that is absent along [001]. In the pristine state this dip feature is
much broader and therefore barely visible as a small difference between the spectra along
[1-10] and [001]. Figure 4(c) shows that this dip feature at 480 cm−1 in the mono-domain
state along [1-10] vanishes when the temperature is increased above the structural transition
at T∗ = 105 K where the spectra for [1-10] and [001] agree within the noise level.
In the following we show that this dip feature can be understood in terms of the anisotropy
of the IR active phonon modes. Specifically, it results from a small splitting of the zero-
crossings of ε1 along the [1-10] and [001] directions that is mainly caused by the splitting
of soft mode along the in-plane directions. Figure 4(d) shows that this feature can be
reproduced with a modified version of the coupled-phonon model35 which takes into account
the anisotropy of the phonon modes along the [001] and the [1-10] directions. For the
simulation shown by the solid symbols in Fig. 4(d) we used for the phonon modes at 170,
438 and 545 cm−1 the eigenfrequency, oscillator strength and broadening as listed in Table
I and the corresponding phonon asymmetries and value of ε∞ as reported in Refs.37,38. For
the soft mode we used a splitting of the TO mode that is somewhat smaller than the one
that was reported in Ref.34 and used in describing the THz data in Fig. 3. The position
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of the highest LO-mode has been obtained from the data shown in Fig. 5 as is discussed
further below.
An alternative interpretation of this dip feature around 480 cm−1 in terms of a plasmonic
effect due to a so-called Berreman mode40 which arises from mobile charge carriers that are
confined to the surface of the sample can be discarded. Such a Berreman mode was observed
at the interface of LAO/STO heterostructures where it gives rise to a pronounced dip feature
at the highest LO phonon mode of STO around 865 cm−141,42. Nevertheless, the present
STO (110) sample does not have such a hetero-interface and, furthermore, a corresponding
dip feature does not occur at the highest LO-edge near 865 cm−1 where, according to the
Berreman-mode scenario, it should be strongest.
Finally, Figure 5 shows the highest LO mode of STO (110) in terms of the so-called
loss-function. It confirms that this LO mode is centered around 806 cm−1 and exhibits a
very small anisotropy between the [1-10] and [001] directions of less than 0.5 cm−1. This is
expected since this LO mode contains a large contribution from the soft mode and ωTO is
the mean square value of the contributions that arise from the Coulomb-repulsion and the
restoring force of the Ti-O bonds of which only the latter is affected by the lattice anisotropy.
IV. SUMMARY
In summary, with infrared ellipsometry we studied the anisotropy of the IR-active modes
in STO (110) which develops below the cubic-to-tetragonal phase transition at T∗ = 105 K.
We have shown that the tetragonal axis is preferentially oriented along the [001] direction. A
partial orientation of the structural domains is already seen for the pristine STO (110) crys-
tals and a relatively small stress of 2.3 MPa along the [1-10] direction is sufficient to induce
a mono-domain state. The memory of this mono-domain state can be almost preserved after
warming the sample to room temperature and cooling it again under stress-free conditions.
We have also determined the weak anistropy of the infrared-active phonon modes at T=10
K which is in agreement with the small lattice parameter ratio of c/a ≈ 1.0015. The only
exception concerns the so-called R-mode at 438 cm−1 which only becomes infrared-active
due to the antiphase rotation of the TiO6 octahedra below T
∗ = 105 K. Its oscillator strength
exhibits a huge anisotropy and is maximal (zero) in the direction perpendicular (parallel)
to the rotation axis (the tetragonal axis).
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FIG. 1. (a) Sketch of the tetragonal structure of STO below T∗ = 105 K with the antiphase
rotation of the TiO6 octahedra around the tetragonal axis (c-axis). (b) Spectra of the real part
of the optical conductivity of pristine STO (110) showing the so-called R-mode along the [1-10]
and [001] directions at dixfferent temperatures below T∗ = 105 K. (c) Comparison of the R-mode
at T=10 K in pristine STO (001) and STO (110) crystals that are lightly and heavily twinned,
respectively. (d) The effect of a uniaxial stress of 2.3 MPa applied along the [1-10] and [001]
directions on the spectra of the R-mode along [1 10] and [001], respectively.
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FIG. 2. Anisotropy of the phonon modes at 170 and 545 cm−1 along the [1-10] and [001] directions
for STO (100). The crystal was cooled under a uniaxial stress of 2.3 MPa that was applied along
the [1-10] direction such that it is in a mono-domain state with the tetragonal axis along [001].
(a) and (d) Spectra of the optical conductivity in the cubic state at T=115 K > T∗ for which the
phonon modes are isotropic. (c) and (f) Corresponding spectra at 10 K where the phonon modes
exhibit a small, yet clearly resolved splitting. This splitting is well reproduced by the fits with a
so-called coupled phonon model35 that are shown by the open circles (the parameters are listed in
Table I).
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FIG. 3. Anisotropy of the soft phonon mode of STO (110) in the THz-range. (a, b) Calculated
spectra of the ellipsometric angles Ψ and ∆ for the isotropic soft-mode response at 100 K and the
anisotropic one at lower temperatures. The phonon parameters that we used are specified in the
text. (c) and (d) Measured spectra of Ψ and ∆ for the orientations along [1-10] and [001] (with
the sample clamped along [1-10]). To remove artifacts related to light scattered on the clamp, the
plots show the difference spectra with respect to 100 K to which the calculated spectrum at 100 K
(thick black lines in (a) and (b)) has been added. (e) and (f) Comparison of the calculated (black
line) and the measured anisotropy of Ψ and ∆ between the [1-10] and [001] directions.
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FIG. 4. Dip-feature in the spectrum of Ψ in the vicinity of the LO-mode of STO (110) around 480
cm−1 and its dependence on the structural domain state. Also shown is the R-mode around 438
cm−1 from which the degree of detwinning can be deduced. (a) and (b) Data for STO (110) in
pristine state and after cooling under uniaxial stress along [1-10] where the crystal is still partially
twinned and in a mono-domain state, respectively. It shows that the dip-feature around 480 cm−1
is more pronounced and sharper in the mono-domain state. (c) Evolution of the dip-feature in the
mono-domain state as a function of temperature. (d) Comparison of the experimental data in the
mono-domain state at 10 K (solid lines) with the fit using an anisotropic version of the coupled
phonon model (open circles).
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FIG. 5. Spectra of the loss function in the vicinity of the highest LO-phonon mode of STO (110) in
the mono-domain state as obtained by cooling the sample under uniaxial stress of 2.3 MPa applied
along the [1-10] direction. A very small anisotropy of the highest LO mode of less than 0.5 cm−1
is evident between the responses along the [001] and [1-10] directions.
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TABLE I. Phonon parameters obtained from the best fit using the so-called coupled-phonon model
of Ref.35.
STO (110) - STRESS [1-10] External mode R-mode Stretching mode
Energy (cm−1)
[1-10] 170.43 437.8 546.01
[001] 171.40 - 546.72
Oscillator strength (cm−1)
[1-10] 0.72 0.01 1.45
[001] 0.67 - 1.37
Broadening (cm−1)
[1-10] 1.51 4.50 6.99
[001] 1.51 - 6.99
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